C omputational fluid dynamics (CFD) is widely used in device design to determine gas flow patterns and turbulence levels. CFD is also used to simulate particles and droplets, which are subjected to various forces, turbulence and wall interactions. These studies can now be performed routinely because of the availability of commercial software containing high quality turbulence and particle models. In order to understand how the gas is brought down to wafer, it is necessary to have a knowledge of the gas flow behavior very early in the design spiral of the Tantalum nitride-Atomic layer deposition(TaN-ALD) chamber by undertaking parametric investigation of the interaction effect between gas flow and the funnel structure. This paper presents such a parametric investigation on a generic TaN-ALD chamber using CFD. The results presented have been analyzed for a total of 11 different cases by varying neck and nozzle angles for a process gas. The gas flow was mainly investigated for the nozzle angles of 4.5 • , 9 • , 12 • and 20 • and the film thickness results were compared with numerical flow patterns. CFD simulations using the turbulence model in ANSYS Fluent v.13 are undertaken. The parametric study has demonstrated that CFD is a powerful tool to study the problem of gas flow-structure interaction on funnel and is capable of providing a means of visualizing the path of the gas under different operating conditions.
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Introduction
Computer-based simulation is now widely used across all branches of science and engineering and is finding ever more applications as computing power becomes cheaper and commercially available software becomes more powerful. Here we review some of the many studies of the design of TaN-ALD Chamber funnel that have used computational modeling of gas flow and particle dynamics to optimize gas delivery. It is worth noting that computational tools are used widely in the manufacture of the actual device, where Finite Element Analysis (FEA) is used to ensure that the device has sufficient strength without being over-engineered and wasting valuable material.
The prediction of flow path of gas through the chamber funnel is extremely complicated since the phenomenon is affected by a large number of parameters like gas velocity and direction, level of turbulence, geometry of the structures on the funnel, efflux velocity of gas etc. [1] [2] [3] . To complicate the matters, the entire turbulent flow field is subject to abrupt changes as the nozzle angle alters. It is not always possible to cover the entire range of all parameters to simulate every possible working condition in the funnel [4, 5] . CFD has emerged as a serious alternative to funnel studies and is capable of providing solutions very early in the design. This paper presents the results of parametric investigation of the interaction effect between the gas flow and the nozzle angle of the funnel (Figure 1 ) using CFD by varying the parameters of lid shape [6] [7] [8] [9] . Four variants of the nozzle angles ( Figure 2 ) were investigated at four funnel types each and further, each of these combinations were investigated at two different onset flow conditions. The results are from the numerical studies of typical cases (Case 1, 9, 10, and 11) undertaken with an aim of gaining an understanding of the typical flow field around the topside of wafer and the interaction between the shape (combination of nozzle and neck angles of the funnel, making a total of 11 cases) and the funnel's gas flow.
Realizing of non-uniform film thickness of wafer is therefore an important aspect of funnel design that falls under the category of TaN-ALD Chamber. However, very often, this application of TaN-ALD Chamber is not recognized a priori in the design of funnel. In order to take the film thickness problem into account, the vacuum chamber designer needs to be able to have a means of visualizing the path of the funnel under different conditions during the design phase, which will enable detection of shortfalls very early in the design spiral. This requires the vacuum chamber designer to have knowledge of gas flow behavior through the TaN-ALD Chamber, which shall enable him to find efficient means to eliminate the problem and also to avoid the costly post construction additions and alterations. Traditionally, the funnel performance has been investigated using ANSYS fluent in a vacuum chamber at a relatively advanced stage of design, when many aspects of the design are frozen.
Simulations Conditions
CFD simulations were conducted to determine the flow of the gas through the funnel lid and the subsequent film thickness on wafer. In general, flow fields were simulated using commercial CFD codes, with the majority of researchers utilizing ANSYS CFX or ANSYS Fluent. CFD simulations also identify the uniformity of the film thickness of the wafer when the flow pattern of the process gas was changed. However increasing the rotating of flow for any given process gas could provide this uniformity well. Furthermore, by altering design parameters, such as nozzle angle and neck diameter will allow the simulation of gas at a size range suitable for funnel delivery, ensuring mixture within the funnel airways.
In general, flow fields were simulated using commercial CFD codes of ANSYS CFX or ANSYS Fluent.The k-model or the Shear Stress Transport (SST) model was usually used for turbulence modelling. It is substantial that most researchers have used the k-or SST models which have the capability to be applied throughout the turbulent boundary layer. Launder and Spalding (1974) [10] and Menter (1994) [11] provide more details on these turbulence models. The specific CFD code and turbulence modelling utilised by each researcher is outlined in Table 1 .
Results and Discussions
In order to identify the underlying effects of funnel shape on the turbulence intensities generated in the vacuum chamber, it is necessary to analyze the flow field results obtained from CFD measurements . Since nozzle angle is found to have important effect on the turbulence intensity inside the vacuum chamber, the flow field results of the different shapes of nozzle are used for more detailed analysis. Figure 1 shows the flow field results obtained from front cross-section measurements of nozzle. The color contours in the figures illustrate the magnitude of the turbulence intensity from low (blue)to high (red) levels. The direction and size of the vectors represent the direction and magnitude of the gas flow at each particular node.
CFD was utilized to simulate the mixture of the gas spray in order to determine the best operating conditions. Specifically, we investigated the influence of velocity vectors and gas paths, as well as the role of the nozzle angle on the mixture of gas flow. Table 2 shows the presence of 11 typical cases, respectively that involves the flow pattern, center non-uniformity and overall uniformity. It was found that changing the nozzle angle through the funnel altered the level of uniformity, optimal performance was achieved at rotating flow pattern, but the improvement is limited with wafer when the funnel type was changed further. In Figure 3 , the rotating flow pattern of the gas was found to run in with the precursor consumption flux distributions agreeing with measured film thickness map, and increasing neck angle was found to decrease the uniformity of center but the overall non-uniformity of the film thickness remained unchanged. The shape of funnel causes funnel gases to disperse downward toward the center more rapidly than side. This has many adverse consequences like the nonuniformity of film thickness. The existing fillet of lid played no significant effect on the performance or the flow field generated and widening the fillet of lid (R) made little difference to the uniformity performance, but reduced the angle of the nozzle leading to changed flow pattern. Flow patterns with a wide nozzle angle were found to be more easily rotating; however the effect of lid fillet size was less significant than the nozzle angle size, especially at high flow velocities [33, 34] . Interestingly, nozzle angle of 12 • with neck angle of 20 • was found to be important to film uniformity. On the other hand, uniformity efficiency was found to be directly proportional to the ratio of the flow pattern [8, 34] .
Effect of Funnel Lid Dimensions on
Gas Velocity Vectors [m/s] of 12 • , suggesting the existence of an optimum lid angle. The center line velocity drop is significant when the nozzle angle is 12 • , so there is less nonuniform film thickness near the center of wafer for this case [18] . But after the nozzle angle of 12 • the center line velocity vector becomes significant and the gas velocity near the wafer center rises. Even though some reverse flow is observed, the absence of large variation velocity fields gives rise to only small turbulence intensity. Both the increases in gas velocity and decreases in reverse flow are stronger on the wafer with good uniformity because of the decreased reverse flow streams from the turbulence [16] .
Similar change in flow patterns is also observed using other nozzle angles as shown in Table 2 . A comparison of the flow fields among Fig 2(a) (b) also confirms that an increase in angle from 4.5 • to 12 • amplifies the formation of turbulence intensities. The distinctive difference between the rotating and impinging flow patterns thus give rise to a high turbulence intensity shows that as the process gas travels from the inlet, the expansion motion of gas becomes more irregular [16, 18, 35] . Reverse gas flow can also be observed near wafer center. Particularly, path lines near the center of the wafer are mixed with the vortex. The vortex generated is also spreading from initially the central region to the entire wafer. Additional vortices are generated from the converging flow pattern and hence the turbulence intensity is further improved. As a result, the turbulence intensity increases because of the changed shape parameters of funnel lid. • , (c) Case 10, R1.2" Neck, 12
• , (d) Case 11, R0.7" Neck, 20
• .
Effect of Funnel Lid Dimensions on Consumption Flux [kg/(m 2 s)] of Process Gas
The simulation is carried out for four nozzle angles located at the funnel lid as shown in Figure 3 . The analysis is also carried out for four cases as has been shown in Figure 3 which demonstrates the effect of nozzle angles on consumption flux of the process gas. The nozzle angles considered for the CFD analysis were 4.5 • , 9 • , 12 • , and 20 • . In the 1st case the consumption flux on the wafer is kept 9.9% from max to min, in 2nd case the flux of the center is 8.0% to the circumferential and in 3rd case the consumption flux on the wafer is kept 7.4% from max to min. When the nozzle angle is 9 • the center flux becomes the best uniformity but the overall uniformity on the wafer is still lower compared to the case of a nozzle angle of 12 • because the consumption flux along the centerline of the wafer is too quick for the case of nozzle angle of 9 • . Since the funnel becomes narrow, the viscous effect becomes prominent and the pressure rises quickly along the axis of the funnel causing less gas ingress into the funnel. So, there is the existence of a highest turbulence for optimum consumption flux into the funnel. Optimal performance was achieved at a working shape of Case 10 which generated center non-uniformity with a mean percentage of 3.7 at an overall non-uniformity of 9.9 percentage. This can be explained from the fact that the reverse flow velocity near the center of wafer is not increased significantly as rotating flow velocity through the funnel is increased. However, neck angle on the funnel is found to have negligible effect on the turbulence intensity generated [6] . It is also concluded from Figure 3 that the variation of neck angle does not contribute significantly to the change of radial uniformity.
The variation of flow pattern due to the inclination of the nozzle angle is shown in Table 3 and rotating flow pattern is preferred as impinging flow shown in Figure 4 cause non-uniformity. As a matter of fact, a comparison of the velocity vector in the side cross-sections shown in Figure 4 indicates that the co-presence of high velocity streams and low velocity of reverse flow diminishes the effect of non-uniformity of film thickness as the turbulence intensity is a measure of the difference in the velocity fields. At narrow nozzle angle condition, a certain portion of turbulence intensity is contributed by the change in gas velocity due to the substantial change in flow area. However, at wide nozzle angle conditions in Figure 4 , the reduction in flow velocity becomes less significant that the turbulence intensity is essentially governed by the reverse flow streams. An interpretation of both vertical and horizontal cross-sectional views together suggests a spiral flow generated inside the vacuum chamber. This is because a large velocity gradient is generated due to the sudden expansion in the flow area as the gas flows pass the nozzle. As a result, turbulence is generated and intensifies along the axial location before reaching a fully developed flow [6] , [18] .
Effect of Funnel Lid Dimensions on Mole Fraction of Process Gas on Wafer
Variation with Time Figure 5 shows the comparison of the mole fractions of two cases. It can be seen that the purge duration increases to 245 m/s from 98 m/s. It is evident from Fig. 6 that the purging is influenced with the inclination of the nozzle angle. It can be seen from the plot the mole fraction of the process gas decreases into the funnel as the nozzle angle increases. High nozzle angle creates a low pressure field around the funnel [35] . Due to this low pressure field, the difference in pressure across the funnel (inside and outside the funnel) decreases causing less suction of gas from the funnel. Therefore, it can be concluded the entrainment of mole fraction of the process gas in the funnel decreases with increase in angle on nozzle of the funnel.
Conclusion
The results of this work show that the prominent application of modern simulation methods such as process simulation and CFD is an effective tool for the optimization and design of an innovative concept for the gas flow of funnels. Generally, these tools enable the simulation and analysis of numerous complex processes in the chemical engineering practice in an early stage of the project. The application of powerful calculation tools with a sound physical basis combined with the reduction of experimental efforts result in lower development costs and a shorter time-to-market of new processes and apparatuses. The results of the flow calculations as well as the results generated with the CFD simulations mostly show very good agreement with film uniformity of the wafer, which can be used for the refinement of models and modeling the funnel parameters of a ALD chamber. The work reported in this paper is a complete numerical investigation of parametric study of gas flow through the funnel of a ALD chamber. Throughout the entire CFD analysis vacuum conditions has been considered to be constant in the chamber. The following conclusions are drawn from the results of the present study:
• The performance of the funnel flow in the chamber is found to recover at the nozzle angles between 9 • and 12 • and therefore, these may be termed as "favorable range of nozzle angles" as far as uniform film at the wafer is concerned. It is strongly recommended that the funnel designer should specially study the flow conditions with relative flow patterns over the favorable range of nozzle angles.
• The reverse flow initially decreases after the angle of 9 • and then is mostly eliminated with the angle of 12 • , suggesting the existence of an optimum funnel nozzle angle. This can be explained from the fact that the reverse flow velocity near the center of wafer is not increased significantly as rotating flow velocity through the funnel is increased.
• Rotating flow pattern is preferred as impinging flow cause non-uniformity. The rotating flow increases with increase in nozzle angle. Center thin map is caused by imperfect mixing and flow pattern with funnel.
• The uniformity rate is independent of amount of fillet radius but strongly depends on nozzle angle of funnel. The study clearly indicates that gas flow is not influenced with the fillet radius of the funnel but depends a bit on the neck angle of the funnel. Therefore the cooperation of the gas flow pattern with the neck angle is not negligible and the neck angle should always be considered in such calculations.
• The purging time of the process gas increases into the funnel as the nozzle angle rises. From the CFD analysis it has become clear that increasing the nozzle angle of the funnel, the purging time is increased. But increase in purging time of the chamber is limited due to design of funnel as well as from economical point of view. Film uniformity may be improved by optimizing the dimensions, but the improvement is limited with the purging time cost. But it is suggested that the maximum possible funnel nozzle angle of 12 • should be used.
• Simulated precursor consumption flux distributions agree with measured film thickness map.
• Strong correlation between simulated gas flow patterns (re-circulating flow, vortex) and onwafer deposition pattern. Re-circulating of the flow has improved the wafer deposition efficiency. It seems that this is mainly due to the vortex of gas flow, due to increasing the re-circulating flow in which the vortex takes place.
• With concise mathematical models at hand, process simulation and CFD provide efficient and cost-saving assistance for chemical engineers and vacuum chamber constructors. CFD methods allow complex flow patterns around the chamber to be identified and problems about gas flow can now be addressed during the early stages of chamber design. CFD also provides capabilities for problem troubleshooting and solving of the gas flow problem on the already constructed and operational vacuum chambers.
• This study has demonstrated that CFD is a powerful tool capable of predicting the features of the gas flow-structure interaction. As a flow simulation tool, CFD can predict gas flow structure interaction throughout the funnel, which is particularly advantageous for the investigation of ALD Chambers with complex structures. Further, the results of the study show that level of detail and the realistic physical foundations of the CFD simulation of the flow pattern and dispersal of gas flow over the wafer gives unique opportunities to chamber designers that were not available before. 
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